The toxicity of some pesticides, namely, Lontrel, Sencor, Roundup, Bentazon, and Hymexazol, and also Lontrel complexes with Cu, Co, Mn, Mg, Mo, Ni, and Zn that are being widely used in agriculture and, hence, abundant in the environment were characterized by biotesting. The variation in the enzymatic activity of the luminous bacteria Beneckea harveyi and in the reproductive function of the infusoria Tetrahymena pyriformis was measured and used to determine toxicity factors. The toxicity of the above compounds was found to correlate with their ability to form stable complexes with adenosine triphosphate (ATP).
Introduction
Nowadays, different kinds of chemicals originating from the agricultural use of pesticides eventually become deposited in soil, water basins, and ground water. Ever increasing human impact to the nature puts forward an acute problem of environment protection [1] [2] [3] . Proper nature-conservative measures can be suggested only on the basis of deep insight into the mechanism of effect of toxic compounds at the cellular and sub-cellular level. We have to know a relationship between the mechanism of the toxicant action and the effect produced by a pollutant (Plt) on the entire organism. Most adequately, such a relationship can be established by the methods of biotesting using either entire test-objects or their functional fragments.
Adenosine triphosphate (ATP) is the only biomolecule that supports the processes of energy storage/release in living organisms. Previously, we explored the effect of Plt on biological objects on the molecular level: the complexation of technogenic toxicants with ATP mononucleotide, its structural analog (ε-ATP), metals, and di/ polynucleotides [4] [5] [6] [7] . Binding of Plt with ATP gives rise to energy shortage in cells, which may block the functioning of tricarboxylic acids cycle, interrupt electron transfer processes, and, as a result, suppress photosynthetic processes.
In this work, we investigated the toxicity of some pesticides, viz., Lontrel, Sencor, Roundup, Bentazon, and Hymexazol, and also Lontrel complexes with Cu, Co, Mn, Mg, Mo, Ni, and Zn by the methods of biotesting. We aimed at elucidating a relationship between the toxicity of the above compounds and their ability to form stable complexes with ATP.
Material and Methods

Used Substances, Concentrations and Replicates
In experiments, we used the pesticides characterized in Table 1 . Their isolation from commercially available chemicals and purification were carried out as described elsewhere [4] . The Lontrel complexes with metals were synthesized as reported previously [8, 9] . ε-ATP was synthesized as proposed by [4] . Equilibrium constants K c for the complexation of Plt with ATP and ε-ATP were estimated from the fluorescence quenching curves using a mathematical model suggested by us previously [4] . Fluorescence measurements were performed with an Aminco-Bowman spectrofluorimeter. The excitation of ATP at λ exc = 290 nm gave rise to a fluorescence band with a maximum at λ max = 380 nm; for ε-АТP, λ exc = 312 nm and λ max = 420 nm.
Toxicity of the pesticides under study was detected over a wide range of their concentration, from 10 −3 up to 
Toxicological Testings
The Biotest on Beneckea harveyi
In experiments, we monitored a change in the enzymatic activity of the luminous bacteria Beneckea harveyi, which becomes noticeable already in 30 min after incubation [3, 10, 11] . NaCl (reagent grade, from Agat-Med, Russia) was additionally purified by double recrystallization. Water was used after bidistillation. The culture of luminous marine bacteria Beneckea harveyi, viz., Photobacterium phosphoreum, was prepared at the Institute of Biophysics (Siberian Branch, Russian Academy of Sciences, Krasnoyarsk).
For experiments, lyophilized cells of the bacteria B. harveyi (normally kept in a deep-freezer) were suspended in a 3% aqueous solution of NaCl. To 0.5 ml of such a solution, 0.3 -0.5 ml of suspended bacteria was added. A 0.85% solution of NaCl was used as a reference sample. The luminescence intensity I of the enzyme luciferase present in the cells (λ exc = 290 nm, λ max = 340 nm) was monitored with a BLM-8801 luminometer. A decrease in I (compared to that of the reference sample) measured in the presence of added pesticide was regarded as a measure of toxicity T for a given compound [3, 10, 11] .
A decrease in I can be associated either with the inhibition of luciferase or with the effect of the toxicants on some other units of the metabolism chain. The toxicity index T was determined from the expression   r m e s r -1
where I r is the luminescence intensity of the reference sample, and I mes is the value measured for a solution containing a given pesticide. For Т  19%, the pesticide is regarded as nontoxic. For 19 < T  50%, the pesticide is considered as toxic, while for T  50%, it is regarded as strongly toxic.
The Biotest on Tetrahymena pyriformis
In another set of experiments, we measured the effect of pesticides on the reproductive function of the infusoria Tetrahymena pyriformis upon a 24-h exposure as described in [10, 11] . Similarly, the toxicity factor K was calculated using the expression
where А r is an increment in the total number of infusoria cells in the reference sample, and А mes is that measured for the sample containing a given pesticide. A pesticide was regarded as toxic when K > 50%. The reliability of the data was estimated using the Student criterion. In both cases, the ЕС 50 values, toxicant concentrations ensuring a 50% effect, were determined graphically using the procedure described in [10] . Figure 1 . It follows that K increases proportionally to C, although the slopes of the linear plots differ: the largest slope is observed for Sencor and the smallest one is observed for Hymexazol. Even at C = 10 −1 М Hymexazol remains nontoxic (Т < 19%). Bentazon is seen to be lowly toxic over the whole range of C (24% < Т ≤ 40%). In the range from 10 −3 to 3 × 10 −3 М, all of the compounds under study are lowly toxic (Т ≤ 50%). Sencor becomes highly toxic at C = 5 × 10 −3 М, Lontrel becomes highly at 10 −2 М, while Roundup is highly toxic at 10 −1 М. Toxicity factors K towards the infusoria T. pyriformis vs. C are presented in Figure 2 . Again, the plots are seen to be linear, the toxicity of Sencor is the largest, while that of Hymezazol is the lowest. Even at C = 10 -3 М all of the compounds under consideration are highly toxic (K > 50%). The slope of the linear plots is seen to decrease in the order Sencor > Lontrel > Roundup > Bentazon > Hymexazol. With increasing C, the toxicity of Hymexazol increases more slowly than that of Sencor by a factor of five.
Our data on the ЕС 50 values are collected in Table 2 . It follows that these are markedly close in their magnitude and increase in the order Sencor < Lontrel < Roundup < Bentazon < Hymexazol from 2.63 × 10 -3 М (0.56 g/l) to 9 × 10 -1 М. Generally, the ЕС 50 values measured for B. harveyi are somewhat lower than those for T. pyriformis. 
Determination of Toxicity for the Metal Complexes
As known [8, 9] , some Plt are capable of forming various complexes that stable in soil and aquatic environment even under the action of microorganisms and UV irradiation. In addition, these complexes were found [3] to exhibit high reactivity with respect to biomolecules. However, any quantitative data on the toxicity of such Pltmetal complexes are still lacking in the literature. In this work, we explored the toxicity of the MetL 2 complexes towards the bacteria B. harveyi, where ligand L is Lontrel (3,6-dichloropicalinic acid) and Met = Cu, Co, Mn, and Mg. As follows from for different complexes T increases with increasing C with an identical rate. For all C, the values of T decrease in the order CuL 2 > CoL 2 > MnL 2 > MgL 2 , as well as the EC 50 values ( Table 3 ). Note that the toxicity of Lontrel complexes turned out to be higher than that of Lontrel itself. Compared to Lontrel, the ЕС 50 value for MgL 2 is lower by a factor of two, while that for CuL 2 is lower by three orders of magnitude. As seen in Figure 4 , CuL 2 , CoL 2 , NiL 2 , and MoL 2 (C = 10 -5 М) also exhibit toxicity towards the infusoria T. pyriformis (K > 50%). For C < 10 -5 М, MnL 2 , ZnL 2 , and MgL 2 are nontoxic (K < 50%). The above complexes are always toxic for C > 10 -4 М. Again, curves 1 -7 are nearly parallel. At any C, the K values decrease in the order CuL 2 > CoL 2 > NiL 2 > MoL 2 > MnL 2 > ZnL 2 > MgL 2 . MgL 2 was the only complex that exhibited a lower toxicity compared to that of Lontrel (at any C). The K values for CuL 2 , CoL 2 , and NiL 2 were higher than that for Lontrel by a factor of two, while those for MoL 2 , MnL 2 , and ZnL 2 were higher by a factor of 1.5.
As follows from Table 3 , the ЕС 50 value for MnL 2 is lower than that for Lontrel by a factor of five. Those for NiL 2 , MoL 2 , and CoL 2 are lower by a factor of ten, where that for CuL 2 is lower by a factor of 16. For the infusoria T. pyriformis, the respective ЕС 50 values turned out to be higher that those for B. harveyi by 1 -2 orders of magnitude. Tentatively, this can be associated with the fact that in experiments in vitro with B. harveyi we are dealing with the deactivation of a sole enzyme (luciferase) by contrast to in vivo experiments with T. pyriformis.
A living organism is known to synthesize metallothioneines, low-molecular-weight cysteine-rich proteins, designed for binding metal cations [12] and some organic xenobiotics, such as pesticides [13] for their subsequent elimination from the organism. Such a self-protecion system is present in all living organisms, including representatives of aquatic life. Probably, this can explain the higher resistivity of the cells in T. pyriformis to the action of metal complexes with Lontrel.
As follows from Tables 2 and 3, the metal complexes become toxic in concentrations C two orders of magnitude lower than those of free pesticides. Accordingly, the toxicity of MetL 2 complexes is two orders of magnitude higher than that of Lontrel.
As known [4] , some pollutants (L) are capable of forming complexes with nucleotides, in particular, with ATP and its structural analog ε-АТP
Ternary complexes of ATP with metals are formed similarly
The structure of the ε-АТP-CuL 2 complex [4] is illustrated below
Correlation between the Energy Shortage and Toxicity
Since energy metabolism is one of the key processes taking place in living organisms and ATP is the only biomolecule responsible for assimilation and dissimilation of energy, the above complexation can be expected to infringe energy metabolism and, hence, lead to energy shortage in cells [7] . In turn, the energy shortage blocks the functioning of the tricarboxylic acid cycle, electron transport, and photosynthetic processes. As a result, this was found to cause the death of plant organisms, as it has been demonstrated for pea and wheat crops [6] . Similar correlation between the complex formation with ATP leading to energy shortage in cells and the toxicity to the soil-living microarthropods Xenylla grisea (Hypogastruridae) and Folsomia candida (Isotomidae) was established by [14] . In this context, it seemed interesting to correlate the energy shortage in cells of aquatic organisms caused by a given pesticide to the equilibrium constant K c for complexation with ATP. Therefore, the values of K c given in Tables 2 and 3 will be used to characterize the above energy shortage in cells.
In Figure 5 , the toxicity T towards the bacteria B. harveyi as a function of K c for complexation with ε-ATP at various C (from 10 -1 to 10 -3 М) is seen to be directly proportional.
The toxicity K towards the cells of T. pyriformis as a function of K c is shown in Figure 6 . Again, the K values are seen to be proportional to K c over the entire range of C (from 10 -1 to 10 -3 М). The toxicity of metal complexes towards B. harveyi and T. pyriformis as a function of K c are shown in Figures 7 and 8 , respectively, as a series of parallel linear plots. With increasing K c , the toxicity of the complexes under study is seen to increase proportionally over the entire range of C (10 -1 -10 -7 М). The ЕС 50 values as a function of K c for our pesticides are given in Figure 9 . Using this plot, we attempted to predict the ЕС 50 values based on a known magnitude of Just as for pesticides, we compared the behavior of the complexes at the same ЕС 50 value and plotted the de pendence of this ЕС 50 on K c (Figure 10) . Apparently, this plot holds true for the metal complexes with a given ligand (L). This dependence is universal: it relates the energy shortage in cell caused by that or another Plt to the acute toxicity of a given Plt. and "principle".
zon. However, for the opossum Americamysis bahia, the LC 50 values well correlate with K c for the complexation of ATP with Roundup, Setoxydime, Bentazon, and Tilt. Despite a wide use of Lontrel in agriculture, information about its toxicity is virtually lacking in the literature. The available data for the simplest ciliated T. pyriformis [15] and T. thermophila [16] [17] [18] indicate that the toxicity of Lontrel is higher than that of Hymexazol by a factor of 5 -10 (EC 50 = 104.6 × 10 -6 g/l = 0.54 × 10 -6 М and 500 × 10 -6 g/l = 5.05 × 10 -6 М, respectively). According to our data, this difference is only 2 -2.5 times. Our data for the infusoria demonstrate the ability of the pesticides under study to complexation with ATP. The reported data for zooplankton Daphnia magna are summarized in Figure 9 . Our curve 1 and the EC 50 values reported by different workers for six pesticides are seen to correlate.
The reported LC 50 values for Crustacea are collected in Table 5 . The toxicity of Roundup (to Orconectes nais), Hymexazol (to Decapoda), and Tilt (to Procambarus sp.) are seen to decrease in the above order according to our K c values for these compounds.
The LC 50 values for different fishes are summarized in Table 6 and Figure 9 . As follows from Figure 9 , our curve 1 well agrees with the available data for zooplankton and fish. These data also confirm a correlation between the Plt toxicity and the molecular mechanism of their action, namely, ATP binding in living cells. As known, on the one hand, all living organisms, including fish, possess a unique system for excretion of foreign chemical compounds [12] . On the other hand, the pollutants under study influence not only on luciferase but also on the entire system of redox enzymes [19, 20] , free pool of metals [9] , and nucleotides [4, 5] . The whole set of biochemical reactions proceeds simultaneously, so that homeostasis is completely suppressed. The processes suppressing all functions of the organism increase in a geometric progression. All this leads to an increase in the toxicologic effect in vivo, i.e., to lower effective concentrations of pollutants. This circumstance can explain a different order for a decrease in K c for the pesticides under study and ATP and in the toxicity of these compounds. Nevertheless, a correlation between the toxicity and K c values was found to be well pronounced for all representatives of aquatic life. Therefore, our data suggest that, upon ingress of Plt, pesticides, and their metal complexes in living organism, these compounds undergo chemical binding with ATP to give stable Plt-ATP complexes with their own K c value. Such bioorganic complexes infringe energy metabolism in a living organism. The cells suffer from energy shortage, which leads to the death of the cells and sequentially of the entire organism. Such a mechanism of action manifests itself as a decrease in the enzymatic activity of bacteria or in the reproductive function of infusoria.
The established toxicity-K c relationship was found to hold true for a wide variety of multicellular organisms. This relationship can be used for express-evaluation of pollutant toxicity towards representatives of aquatic life.
Conclusions
1) The toxicity factors of pesticides, viz., Lontrel, Sencor, Roundup, Bentazon, and Hymexazol and also Lontrel complexes with Cu, Co, Mn, Mg, Mo, Ni, and Zn towards the bacteria Beneckea harveyi and infusoria Tetrahymena pyriformis were measured.
2) The concentration dependence of the above toxicity factors was determined.
3) At any concentration, the toxicity of the pesticides was found to increase in the following order: Sencor > Lontrel > Roundup > Bentazon > Hymexazol, while that of the MetL 2 complexes is as follows: CuL 2 > CoL 2 > NiL 2 > MoL 2 > MnL 2 > ZnL 2 > MgL 2 . The toxicity of MetL 2 complexes is higher (except for MgL 2 ) than that of free Lontrel.
4) Toxicity of that or another man-caused pollutant was found to be directly related to the energy shortage arising in cells under the action of pollutant complexes with ATP at the molecular level.
